Here, we present a cost-effective and portable platform that is based on contact lenses for detecting and monitoring Staphylococcus aureus, which is found in the human ocular microbiome. In this study, the detection of Staphylococcus aureus is enabled by a surface functionalized contact lens, 14 a lens-free computational imaging setup, [15] [16] [17] [18] and a machine learning-based algorithm to quantify the amount of bacteria captured on the contact lens. The surface of each contact lens is functionalized by a layer-by-layer (LBL) coating technique 19 which is shown to be compatible with the human tear. The LBL coating technique creates biofunctional films on different surface morphologies, and with the appropriate coating material, it enables contact lenses to be worn without any damage to the cornea. 14 Seven layers of poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) coating on a contact lens create a stable structure for binding of the antiStaphylococcus aureus antibody to the surface of the contact lens. We used antibody attached daily contact lenses for specifically capturing Staphylococcus aureus particles that normally reside on the human cornea and conjunctiva. These surface functionalized contact lenses are expected to be worn for e.g., 12-16 h for continuously capturing Staphylococcus aureus in tear. In this work, however, we spiked daily contact lenses with bacteria and after the capture process, and right before the 3D imaging of the lens surface, we attached 5-µm polystyrene beads to specifically bind to Staphylococcus aureus particles already captured on the lens. Staphylococcus aureus has a diameter of 0.75-1 µm, 20 and therefore 5-µm beads make their detection and counting easier using lensfree imaging of the contact lens 3D surface with a single hologram.
In fact, microscopic imaging of a contact lens is very challenging using traditional microscopy tools because it is large and has a curved 3D structure. Conventional microscopes have a small field of view (FOV) and a limited depth of field, making it extremely difficult and time-consuming to image the 3D surface of a contact lens using traditional imaging approaches. Our computational imaging platform is not only cost-effective and field-portable, but also offers a very large FOV (~30 mm 2 ) and depth of field (> 1cm), which make it ideal for label-free imaging of the 3D surface of a contact lens using a single hologram, without the need for any mechanical scanning or fine alignments ( Figure 1 ). Our lens-free on-chip imaging setup utilizes a multimode-fiber-coupled light emitting diode (LED), which emits partially coherent light at 527 nm. In order to image the contact lenses with their natural curvy shape, they are placed in a custom-designed chamber filled with a Using daily contact lenses that are surface functionalized and spiked with bacteria, we demonstrated a detection limit of ~16 bacteria/μL with this computational 3D imaging and machine learning approach. The presented wearable sensing framework using surface functionalized contact lenses and computational imaging can be broadly applicable to sense numerous other target bacteria, viruses and analytes in tear samples and might even be suitable for consumer use at home.
Results and Discussion
Acuvue Moist 1-day contact lenses have an inherently ionic surface structure.
Etafilcon A of these contact lenses is negatively charged 21 at the physiological pH so that the innermost layer of the positively charged polyelectrolyte, PAH, can bind to the contact lens surface electrostatically. In a similar fashion, the chemical functionalization of the contact lens surface was performed with an alternative LBL deposition of the positively charged polyelectrolyte, PAH, and the negatively charged polyelectrolyte, PSS, by using the electrostatic interaction between them.
The outermost layer was coated with the positively charged PAH to enable the electrostatic interaction between the functionalized contact lens surface and the anti-Staphylococcus aureus antibody, which is negatively charged at the physiological pH. These seven alternating layers of coating on the contact lens surface created a stable interface for the successive antibody binding and bead- (Figure 2) . Importantly, previous work showed that this polyelectrolyte coating did not exhibit cell toxicity. 14 As detailed in the Methods section, the digital 3D surface mapping of each contact lens under test provides the rotation angle for each sub-region on the lens surface that we need for field rotations. interest, we create a set of images, each of which is tangential to the contact lens surface. By digitally stitching all these tilt-corrected small tiles, we obtained an infocus image of the contact lens surface, covering approximately 31 mm 2 on the lens surface, which is larger than the active area of the CMOS imager, as expected. In Figure 3 -e, the reconstructions of some of these sub-regions are shown without any tilt correction and after tilt correction. We can clearly observe that the 5-µm beads are in focus, as desired, over the entire FOV after the tilt correction, whereas in the regular reconstructions, they are out of focus at the edges of each region of interest.
This phenomenon is more obvious if one looks at the corners of the contact lens; for example, in regions 1 and 2, the impact of tilt corrections is more apparent compared to region 3 ( Figure 3 ).
To explore the detection limit of our platform, five solutions of Staphylococcus 8 aureus at different concentrations were applied after the surfaces of the contact lenses were functionalized as described in the Methods section. At each concentration of bacteria, we used three individual contact lenses to test the repeatability of our approach. After the incubation of the streptavidin-coated antibody conjugated 5-µm beads, the contact lenses were imaged using our lens-free on-chip microscope, and the 5-µm beads were automatically counted using an SVMbased algorithm described in the Methods section. Figure 4 shows the number of the detected beads on contact lens surfaces for different concentrations of Staphylococcus aureus. A detection limit of 16.3 bacteria/µL was achieved using our platform, based on µ+3σ of our control samples, where µ refers to the mean and σ is the standard deviation. Previous results reported that the human eye can contain increased concentrations of bacteria (e.g., >10 cfu/µL) even for asymptomatic individuals. 8 Considering the fact that under a bacterial infection the concentration of bacteria in tear is expected to be significantly higher than this baseline, we believe that our sensing limit is relevant for the detection of such infections. A further improvement in our sensing performance can potentially be achieved by increasing our training data size and the number of the spatial features used in the SVM-based particle detection algorithm, which can help us reduce the rate of false positives. Convolutional neural network based deep learning approaches could also be utilized to further advance our results, which is left as future work.
The presented work makes use of contact lenses as the basis of a computational sensing platform. Although not demonstrated in this work since we did not experiment with human samples, we believe that this wearable method is more convenient for patients when compared to e.g., conjunctival swabs and tear collection. We also believe that this method should increase the efficiency of sample collection because the contact lens will be worn throughout the day for e.g., 12-16 h and it will be continuously in contact with the human tear.
Conclusions
We demonstrated a proof-of-concept platform that can potentially monitor and noninvasively analyze the human ocular microbiome in a cost-effective manner. This platform can automatically detect and enumerate Staphylococcus aureus particles that are captured on contact lenses. It includes a field-portable lens-free microscope, a custom-made contact lens chamber, surface functionalized contact lenses, and an automated holographic image reconstruction and processing algorithm that also utilizes machine learning. We have achieved a detection limit of 16.3 CFU/µL. We believe that this platform might serve as a promising tool for the analysis and monitoring of the human ocular microbiome and can be broadly applicable to other target bacteria, viruses and analytes that can be sensed using wearable and flexible substrates, including but not limited to contact lenses.
Materials and Methods
The procedure for the automated detection and quantification of Staphylococcus aureus starts with the functionalization of the surface of a contact lens, and it is followed by a bead-based immunoassay on the lens surface to achieve specificity and sensitivity. After the capture of the target bacteria, each contact lens under test is placed in a custom-designed sample holder, and its lens-free hologram is taken using our portable on-chip microscope. Each hologram is then rapidly reconstructed to reveal a microscopic image of the 3D surface of the contact lens, which is then analyzed using an automated machine-learning algorithm to estimate the count of Staphylococcus aureus captured on the lens surface.
Materials
Poly(sodium 4-styrenesulfonate) (PSS; Mw ~200000 g mol -1 ) (product no. 561967), bovine serum albumin (BSA) (product no. B4287), phosphate buffered saline (PBS pH 7.4) (product no. P3813), and Tween®20 (product no. P9416) were purchased 
Design of the portable lens-free on-chip microscope
Our lens-free microscope consists of an LED that emits green light with a peak wavelength of 527 nm, a multimode fiber (105 μm core diameter), a CMOS image sensor with a pixel size of 1.67 µm (MT9J003STM/STC, ON Semiconductor), a custom-made contact lens holder, and a 3D printed housing that holds all the components ( Figure 1 ). The design of the housing was done using Autodesk Inventor Professional, and it was printed using a 3D printer and acrylonitrile butadiene styrene (ABS) material (Dimensions Elite, Stratasys). 8 3 7 5 12 contains all the microparticles captured over the 3D surface of the contact lens. The exposure time of each hologram was ~50 ms, which is short enough to avoid any problems related to a potential shift in the contact lens position within the sample holder. For illumination, a hole was drilled on the LED package, and a multi-mode fiber was inserted into that hole and fixed with an optical glue. 22 This fiber-coupled LED was then placed approximately 5 cm away from the CMOS sensor plane. The LED was powered by the CMOS sensor board.
Contact lens surface functionalization
After unpacking the daily contact lenses, we washed them by dipping each one of the lenses into a PBS solution (10 mM, pH 7.4) to equilibrate the polymer surface of the contact lenses. The surface was then functionalized using the LBL deposition of polyelectrolytes, PAH, and PSS. First, the contact lenses were dipped into cationic polyelectrolyte, PAH (5 mg mL -1 in 0.5 M NaCl) for 15 min. Then, they were washed with 0.5 M NaCl solution three times. Next, the contact lenses were dipped into anionic polyelectrolyte, PSS (5 mg mL -1 , in 0.5 M NaCl), for 15 min. Then, they were washed again with 0.5 M NaCl solution three times. The same PAH and PSS deposition steps were repeated until seven layers of polyelectrolyte coating (i.e.,
PAH-PSS-PAH-PSS-PAH-PSS-PAH)
were created on the surface of each contact lens (Figure 2-b) . 
Bead-based immunoassay and related experimental procedures

Automated analysis of the holograms of contact lenses
We prepared an image processing algorithm (Figure 3) for the automated detection and counting of Staphylococcus aureus captured on contact lenses. This algorithm starts with the holographic reconstruction of the 3D contact lens surface and uses an SVM-based learning algorithm for label-free classification of the captured particles on the lens surface. First, a rough estimate of all the particles on a contact lens was made by reconstructing its lens-free hologram at all the possible object planes with a vertical spacing of 5 µm as shown in Figure 3 -b. The possible 5-µm bead candidates were then detected from each reconstructed amplitude image by a simple threshold. In order to have a better accuracy in the axial position estimation of each particle, an autofocusing algorithm using the Tamura coefficient was employed on these potential particle candidates. [23] [24] [25] [26] [27] The resulting x-y-z positions of these beads were then selected as the sampled points on the contact lens 3D surface (Figure 3-c) . A physical constraint based on this initially estimated 3D shape of the contact lens was also applied to remove possible detection artifacts and false positives due to unbound floating particles in the sample holder. A locally-weighted linear regression was then performed on these points to digitally generate a 3D map of each contact lens surface that is under test, as shown in Figure 3 There are different approaches to image tilted objects such as extended-focus imaging (EFI) 30, 31 and rotational field transformations. 28, 29 In this work, we used the latter approach, which is based on the angular spectrum method. This tilt correction algorithm involves two Fast Fourier Transform (FFT) operations and one interpolation operation. In essence, with the knowledge of the complex optical field at one of the planes, we can obtain the complex field at another rotated plane by using this tilt correction algorithm. In order to perform this operation, each lensfree hologram of a contact lens was digitally divided into 192 equal tiles (i.e., smaller regions of interest) and each tile was processed separately. These tiles were reconstructed at their corresponding heights, where their centers intersected with the computationally generated 3D contact lens surface. The natural curvature of the contact lenses prevents each tile to be completely in-focus, making the edges of the tiles out of focus. To mitigate this, the reconstructed tiles were rotated using the tilt correction algorithm so that they became tangent to the computationally generated contact lens 3D surface (Figure 3-e) . For each tile, we calculated the rotation angle based on the reconstructed 3D contact lens surface.
To further eliminate false positives, we employed an SVM based learning algorithm 26 to distinguish 5-µm beads from other non-specifically bound particles on the lens surface that appear in the reconstructed and tilt-corrected holographic images. Each object's size, intensity and ratio of the Tamura coefficient at the focus 
